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NAVIGATION RECEIVER AND METHOD 
FOR COMBINED USE OF A STANDARD RTK 
SYSTEM AND A GLOBAL CARRIER-PHASE 
DIFFERENTIAL POSITIONING SYSTEM 

RELATED APPLICATIONS 

This application is a continuation-in-part of US. patent 
application Ser. No. 11/345,124, ?led on Jan. 31, 2006 now 
US. Pat. No. 7,511,661, Which is a continuation-in-part of 
US. patent application Ser. No. 10/757,340, ?led on Jan. 13, 
2004, now US. Pat.No. 7,119,741, issued Oct. 10, 2006. The 
contents of each of the aforementioned applications are 
herein incorporated by reference in its entirety. 

TECHNICAL FIELD 

The disclosed embodiments relate generally to the com 
bined use of a standard RTK system and a global carrier 
phase differential positioning system. 

BACKGROUND 

The global positioning system (GPS) uses satellites in 
space to locate objects on earth. GPS uses L-band signals 
from the satellites, Which are tracked by a GPS receiver and 
used to determine the position of the GPS receiver. Currently, 
tWo types of GPS measurements are available Within a civil 
ian GPS receiver for each carrier signal of each GPS satellite 
that is being tracked. The tWo types of GPS measurements are 
pseudorange, and integrated carrier phase. These tWo types of 
measurements are available on each of tWo carrier signals, L1 
and L2, With frequencies of 1.5754 GHZ and 1.2276 GHZ, 
respectively. The Wavelengths of these tWo frequencies are 
0.1903 In and 0.2442 m, respectively. The pseudorange mea 
surement (or code measurement) is a basic GPS observable 
that all types of GPS receivers can make. It utiliZes the C/A or 
P pseudorandom codes modulated onto the carrier signals. 
The pseudorange measurement records the apparent time 
taken for the relevant code to travel from the satellite to the 
receiver, i.e., the time the signal arrives at the receiver accord 
ing to the receiver clock minus the time the signal left the 
satellite according to the satellite clock. The carrier phase 
measurement is obtained by integrating a reconstructed car 
rier of the signal as it arrives at the receiver. Thus, the carrier 
phase measurement is also a measure of a transit time differ 
ence as determined by the time the signal left the satellite 
according to the satellite clock and the time it arrives at the 
receiver according to the receiver clock. HoWever, because 
the initial number of Whole cycles in transit betWeen the 
satellite and the receiver When the receiver starts tracking the 
carrier phase of the signal is not knoWn, the transit time 
difference obtained from the carrier phase Will typically be in 
error by multiple carrier cycles, i.e., there is a Whole-cycle 
ambiguity in the carrier phase measurement. 

The range or distance betWeen a GPS receiver and each of 
a multitude of satellites is calculated by multiplying each 
signal’s travel time by the speed of light. These ranges are 
usually referred to as pseudoranges (false ranges) because the 
receiver clock generally has a signi?cant time error Which 
causes a common bias in the measured range. This common 
bias from receiver clock error is solved for along With the 
position coordinates of the receiver as part of the normal 
navigation computation. Various other factors can also lead to 
errors or noise in the calculated range, including ephemeris 
error, satellite clock timing error, atmospheric effects, 
receiver noise and multipath error. In standalone GPS navi 
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2 
gation, Where the receiver obtains code and/or carrier-phase 
ranges from multiple satellites Without the bene?t of correc 
tions from any reference stations, the receiver is very limited 
in methods available to reduce the errors or noises in the 

ranges. 

To eliminate or reduce systematic errors, differential 
operations are typically used in GPS applications. Differen 
tial GPS (DGPS) operations typically involve one or more 
reference receivers located at knoWn sites (sometimes called 
base stations) together With a communication link betWeen 
the user receiver and the reference receivers. The reference 
receivers are used to generate corrections associated With 
some or all of the above error types and these corrections are 
sent to the user receiver over the communication link. The 
user receiver then applies the corrections to its oWn measure 
ments or position and thereby obtains a more accurate com 
puted position. The corrections from a respective reference 
receiver can be in the form of corrections to the reference 
receiver position determined at the reference site or in the 
form of corrections to the speci?c GPS satellite clock and/or 
orbit. Differential operations using carrier-phase measure 
ments are often referred to as real-time kinematic (RTK) 
positioning/navigation operations. 
The fundamental concept of Differential GPS (DGPS) is to 

take advantage of the spatial and temporal correlations of the 
errors inherent in the GPS measurements. Thus, the correc 
tions cancel or signi?cantly mitigate most of the noise 
sources in the pseudorange and/or carrier phase measure 
ments. The amount of mitigation depends upon the correla 
tion betWeen the error sources at the user and reference 
receiver. While the GPS satellite clock timing error, Which 
appears as a bias on the pseudorange or carrier phase mea 
surement, is perfectly correlated betWeen the reference 
receiver and the user receiver, most of the other error factors 
are either not correlated or the correlation diminishes as a 

function of distance betWeen them. 

To overcome the error sources Within the DGPS system in 
Wide-area applications, various regional, Wide-area, or global 
DGPS (sometimes referred to as WADGPS) techniques have 
been developed. The typical WADGPS includes a netWork of 
multiple reference stations in communication With a compu 
tational center or hub. Error corrections are computed at the 
hub based upon the knoWn locations of the reference stations 
and the measurements taken by them. The computed error 
corrections are then transmitted to users via a communication 

link such as satellite, phone, or radio. By using multiple 
reference stations, WADGPS provides more accurate esti 
mates of the error corrections. 

A number of different techniques have been developed to 
obtain high-accuracy differential navigation using the GPS 
carrier-phase measurements. The technique With the highest 
accuracy is the RTK technique, Which yields a typical accu 
racy of about one-centimeter. In order to obtain that accuracy, 
hoWever, the Whole-cycle ambiguity in the differential car 
rier-phase measurements must be determined. When the dis 
tance betWeen the user receiver and the reference receiver 
(baseline distance) is short, the RTK technique is highly 
advantageous because in this case, the Whole-cycle ambiguity 
can be resolved not only accurately but also quickly. On the 
other hand, When the baseline distance is more than a feW tens 
of kilometers, it may become impossible to determine the 
Whole-cycle ambiguity and the normal RTK accuracy cannot 
be achieved. Another limitation of the RTK technique is that 
it requires a local radio link to be maintained betWeen the 
reference receiver and the navigation receiver to supply 
timely correction or measurement data. 
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The WADGPS techniques that employ a carrier-phase dif 
ferential method can also achieve very high navigational 
accuracy. The WADGPS differential techniques are also typi 
cally characterized by reliable long distance loW-frequency 
communication links or by reliable satellite communication 
links. Thus, corrections can generally be communicated to 
navigation receivers Without signi?cant interruption. HoW 
ever, the WADGPS techniques usually treat the Whole-cycle 
ambiguities as a real-valued (non-integer) variable and solve 
for a “?oating ambiguity,” Which is usually very poorly 
de?ned until measurement data covering a time interval of 
signi?cant satellite geometry change have been obtained. 
Thus, in a WADGPS application, a time interval as long as 
one or tWo hours may be required to solve for the “?oating 
ambiguity” With suf?cient accuracy to yield a navigated posi 
tion With an accuracy of less than (i.e., better than) 10 centi 
meters. 

SUMMARY 

Some embodiments include a method for combining the 
use of the standard RTK and the WADGPS navigation tech 
niques so that the Weaknesses of each technique can be 
complemented by the strengths of the other technique. The 
primary disadvantage of the WADGPS technique is that the 
navigation receiver takes a long elapsed time (sometimes 
more than an hour) to determine the ?oating ambiguity values 
With su?icient accuracy. These ?oating ambiguities are 
required to convert the carrier-phase measurements into accu 
rate range measurements. The primary disadvantages of the 
RTK technique are that it requires a real-time (normally line 
of site) data link between a user GPS receiver and a reference 
GPS receiver and, further, that the Whole-cycle ambiguity can 
only be determined When the separation distance betWeen the 
reference GPS receiver and the user GPS receiver is relatively 
short. 

These separate disadvantages can be removed by combin 
ing the use of the RTK and the WADGPS navigation tech 
niques according to one embodiment of the present invention. 
The method includes using a knoWn position of a user 
receiver to initialize the ?oating ambiguity values in a 
WADGPS system to avoid the long “pull-in” time. When the 
user receiver has been stationary, the knoWn position of the 
user receiver may be a surveyed position or a position 
obtained from a prior operation. When the user receiver is 
moving, the knoWn location may be obtained using an RTK 
system. 

Thus, in a combined operation, When the communication 
link for the RTK navigation is available, the position, velocity 
and time (PVT) outputs of the user receiver can be obtained 
from both the RTK system and from the WADGPS code 
navigation solution running in the background and their out 
puts can be used to learn the offset betWeen a WADGPS data 
value and a corresponding local RTK reference data value. 
After this offset has been determined, the RTK PVT outputs, 
adjusted by the offset, can be used subsequently to initialize 
the WADGPS system. Or, When the communication link for 
the RTK navigation is lost, or When the user receiver is too far 
from the reference station to initialize the RTK system, the 
offset, previously determined, can be applied to the PVT 
outputs from the WADGPS solution to obtain an accurate 
position relative to the RTK datum. The initialization of the 
WADGPS via the RTK system avoids the normal 1 5 minute to 
tWo hour “pull-in” time required to solve for the ?oating 
ambiguity values When the position of the user GPS receiver 
is not knoWn. This combined system provides very accurate 
PVT solutions from the WADGPS system While the RTK 
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4 
system is unavailable or inaccurate, and makes the WADGPS 
technique more practical for real-time high-accuracy posi 
tioning and navigation purposes. 
Some embodiments provide a method at a mobile satellite 

navigation receiver for calculating an offset betWeen a local 
positioning system and a Wide-area satellite positioning sys 
tem. The mobile satellite navigation receiver determines a 
?rst solution of a position of the mobile satellite navigation 
receiver relative to a ?rst local positioning system, Wherein 
the ?rst local positioning system includes one or more refer 
ence receivers at knoWn locations. The mobile satellite navi 
gation receiver determines a second solution of the position of 
the satellite navigation receiver relative to a Wide-area differ 
ential satellite positioning system. The mobile satellite navi 
gation receiver then calculates an offset betWeen the ?rst 
solution and the second solution. 
Some embodiments provide a mobile satellite navigation 

receiver that includes a signal receiver for receiving naviga 
tion satellite signals, memory, one or more processors, and 
one or more programs stored in the memory. The one or more 

programs include instructions to: determine a ?rst solution of 
a position of the mobile satellite navigation receiver relative 
to a ?rst local positioning system, Wherein the ?rst local 
positioning system includes one or more reference receivers 
at knoWn locations, determine a second solution of the posi 
tion of the satellite navigation receiver relative to a Wide-area 
differential satellite positioning system, and calculate an off 
set betWeen the ?rst solution and the second solution. 
Some embodiments provide a computer readable storage 

medium storing one or more programs con?gured for execu 
tion by one or more processors in a mobile satellite navigation 
receiver. The one or more programs include instructions to: 
determine a ?rst solution of a position of the mobile satellite 
navigation receiver relative to a ?rst local positioning system, 
Wherein the ?rst local positioning system includes one or 
more reference receivers at knoWn locations, determine a 
second solution of the position of the satellite navigation 
receiver relative to a Wide-area differential satellite position 
ing system, and calculate an offset betWeen the ?rst solution 
and the second solution. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of a combination of a WADGPS 
system, a local positioning system, and a local RTK system, 
according to some embodiments. 

FIG. 2 is a block diagram of a computer system coupled to 
a user GPS receiver, according to some embodiments. 

FIG. 3A is a ?oWchart illustrating a method for combining 
the use of the WADGPS system, the local RTK system, and/or 
the local positioning system, according to some embodi 
ments. 

FIG. 3B is a ?oWchart illustrating a method for updating a 
receiver position using a local RTK system, according to 
some embodiments. 

FIG. 4A is a ?oWchart illustrating a process ?oW for com 
bined operation using both the WADGPS system and the local 
RTK system, according to some embodiments. 

FIG. 4B is a ?oW chart illustrating a process ?oW for use of 
a local positioning system, a local RTK system, and/ or a 
WADGPS system, according to some embodiments. 

FIG. 5 is a diagram illustrating a situation in Which the 
combined operation can be used, according to some embodi 
ments. 

FIG. 6 is a block diagram illustrating a mobile satellite 
navigation receiver, according to some embodiments. 
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FIG. 7 is a ?owchart representing a method for calculating 
an offset between a local positioning system and a wide-area 
differential satellite positioning system, according to some 
embodiments. 

Like reference numerals refer to corresponding parts 
throughout the drawings. 

DESCRIPTION OF EMBODIMENTS 

Combined Use of a Local Positioning System and a 
Wide-Area Differential Positioning System 

FIG. 1 illustrates a wide-area or global differential GPS 
(WADGPS) system 100 according to one embodiment of the 
present invention. As shown in FIG. 1, the WADGPS system 
100 includes a network of reference stations 120 each having 
a GPS receiver 122, and one or more processing hubs 105. 
The reference stations 120 continuously provide raw GPS 
observables to the hub 105 for processing. These observables 
include GPS code and carrier phase measurements, eph 
emerides, and other information obtained according to sig 
nals received from a plurality of satellites 110 at the reference 
stations 120. The reference stations 120 are placed at known 
locations across a wide area 101, such as a continent, for a 
wide-area DGPS system, or across the globe for a global 
DGPS network. The hubs 105 are facilities at which the GPS 
observables are processed and DGPS corrections are com 
puted. If multiple independent hubs are provided, it is pre 
ferred that they are geographically separated and operate in 
parallel. 

The WADGPS system 100 may be utiliZed by one or more 
users (or user devices or objects) 140 each having a user GPS 
receiver 142 for positioning and/or navigation purposes. In 
some embodiments, the user 140 is associated with a nearby 
reference station 120 through a RTK radio link such that the 
user receiver 142 and the nearby reference station 120 forms 
a local RTK system 150. In some embodiments, the user 140 
may also be associated with a local positioning system 174 
having one or more landmarks 176. The one or more land 

marks 176 may be active or passive. The one or more land 
marks 176 may each have a GPS receiver 122. 

System 100 further includes conventional data links (not 
shown) for providing reliable transport mechanisms for the 
GPS observables to be sent from the reference stations 120 to 
the hubs 105 and for the computed corrections to be broadcast 
from the hubs 105 to the reference stations 120 and the users 
140. A continental WADGPS system usually has about 3 to 10 
reference receivers and a global WADGPS system usually has 
about 20 to 100 reference receivers feeding data to the hubs 
105. In some embodiments, the GPS observables are sent 
from the reference stations 120 to the hubs 105 via the Inter 
net, and computed corrections are sent also via the Internet 
from the hubs to one or more land stations (not shown) to be 
uplinked to one more satellites (not shown), which then 
broadcast the computed corrections for receipt by the refer 
ence stations 120 and the user receiver 142. 

In some embodiments, the user or object 140 is also 
equipped with a computer system 144 coupled to the user 
GPS receiver 142. As shown in FIG. 2, computer system 144 
includes a central processing unit (CPU) 146, memory 148, 
one or more input ports 154, one or more output ports 156, 
and (optionally) a user interface 158, coupled to each other by 
one or more communication buses 152. The memory 148 may 
include high- speed random access memory and may include 
nonvolatile mass storage, such as one or more magnetic disk 
storage devices or ?ash memory devices. 
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6 
The memory 148 preferably stores an operating system 

162, GPS application procedures 164, and a database 170. 
The GPS application procedures 164 may include procedures 
166 for carrying out a method 300 for combining the use of 
the local positioning system 174, the local RTK system 150, 
and/or the WADGPS system 160, as described in more detail 
below. The operating system 162 and application programs 
and procedures 164 stored in memory 148 are for execution 
by the CPU 146 of the computer system 144. The memory 
148 preferably also stores data structures used during execu 
tion of the GPS application procedures 164, including GPS 
pseudorange and carrier-phase measurements 168, GPS cor 
rections 172 received from the hubs, as well as other data 
structures discussed in this document. 

The input ports 154 are for receiving data from the GPS 
receiver 142, for receiving information from the reference 
station or landmark 120 in the local positioning system 174 or 
the local RTK system 150 via a radio link 124, and for receiv 
ing GPS corrections and other information from the hubs 105 
via a satellite link 107. The output port 156 is used for out 
putting data to the reference station or landmark 120 via the 
radio link 124 or acoustic or laser devices (not shown). In 
some embodiments, the CPU 146 and the memory 148 of the 
computer system 144 are integrated with the GPS receiver 
142 into a single device, within a single housing, as shown in 
FIG. 2. However, such integration is not required to carry out 
the methods of the present invention. 

Therefore, the user or object 140 may engage in three 
different modes of operation either simultaneously or at dif 
ferent times. The user or object 140 may operate in a 
WADGPS mode in which the user or object 140 positions 
itself or navigates using the WADGPS system 100, in a RTK 
mode in which the user or object 140 positions itself or 
navigates using the local RTK system 150, and/or in a local 
positioning mode in which the user or object 140 positions 
itself or navigates using the local positioning system 174. 
When the user or object 140 is close to the one or more 
landmarks 176 with which it may be associated and a com 
munication link between the user or object 140 and the one or 
more landmarks 176 can be maintained, the user can use the 
one or more landmarks 176 to position itself with respect to 
the one or more landmarks 176. When the user or object 140 
is close to the reference station 120 with which it is associated 
and the radio link between the user or object 140 and the 
reference station 120 can be maintained, the user can use the 
local RTK system 150 to position itself with respect to the 
reference station 120. The local positioning system 174 and 
the local RTK system 150 are more advantageous than the 
WADGPS system 100 in that they are more accurate and that 
the whole-cycle integer ambiguity can be quickly resolved, as 
explained in the following. 

Using the local RTK system 150, when measurements are 
taken with respect to n satellites 110 in view of the reference 
GPS receiver 122 and the associated user GPS receiver 142, 
the measurements can be used to solve for the position of the 
user or object 140 according to the following equation in 
array format: 

(V<I>+N)7t:Hx+n¢ (1) 

where V(I>:[V(|)l V¢2 . . . V¢n]T is a carrier phase measure 
ment vector formed by the differential carrier phase measure 
ment with respect to each of the n satellites 110, N:[Nl 
N2 . . . Nn]T is an integer ambiguity vector formed by the 
differential integer ambiguity associated with each of the 
differential carrier phase measurements in the carrier phase 
measurement vector, H:[hl h2 . . . hn]T is a measurement 
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sensitivity matrix formed by the unit vectors from the user or 
object 140 to the n satellites 110, x is a real unknown state 
vector (or real vector) including a position vector from the 
reference station 120 to the user or object 140 in the local 
RTK system 150, and n¢:[n¢l, nq,2 . . . n¢n]T is a measurement 
noise vector (or phase range residual vector) formed by the 
differential carrier phase noise With respect to each of the n 
satellites 110. 

To solve for the real vectorx using Equation (1), the integer 
ambiguity vector N needs to be resolved. Many different 
methods have been developed to resolve the integer ambigu 
ity values included in the integer ambiguity vector N and 
these methods typically use a search process to ?nd a com 
bination of integer ambiguity values that satisfy certain cri 
teria, such as a minimum norm of a measurement residual 

vector Ad), 

A¢:(v<1>+N)>t-H;e (2) 

Where Ad, is a phase range residual vector corresponding to a 
candidate integer ambiguity vector N including the combina 
tion of integer ambiguity values, and x is a least squares 
solution of Equation (1), 

2 = [HTHT‘HTW <1> + N» or, (3) 

2 = [HTRHTIHTRIW <1> + N» Where (4) 

a’? 0 (5) 
R = ' E 

0 0'2 

is a measurement covariance matrix formed by 0,, Which is a 
standard deviation of the differential carrier phase noise nth, 
calculated using conventional methods. An example of the 
methods for calculating oz- can be found in “Precision, Cross 
Correlation, and lime Correlation ofGPS Phase and Code 
Observations,” by Peter Bona, GPS Solutions, Vol. 4, No. 2, 
Fall 2000, p. 3-13, or in “lightly Integrated Attitude Deter 
mination Methods for Low-Cost Inertial Navigation: Two 
Antenna GPS and GPS/Magnetometer,” by Yang, Y., Ph.D. 
Dissertation, Dept. of Electrical Engineering, University of 
California, Riverside, Calif. June 2001, both hereby incorpo 
rated by reference. 

Other examples of the search methods can be found in 
“Instantaneous Ambiguity Resolution,” by Hatch, R., in the 
Proceedings of the KIS Symposium 1990, Banff, Canada, 
Which is incorporated herein by reference, and in commonly 
oWned patent application for “Fast Ambiguity Resolution for 
Real Time Kinematic Survey and Navigation,” patent appli 
cation Ser. No. 10/ 338,264, Which is also incorporated herein 
by reference. 

With the integer ambiguity resolved, the position, velocity 
and time (PVT) of the user receiver 142 can be accurately 
computed as solutions of the local RTK system 150. 

Using the local positioning system 174, the position, veloc 
ity and time (PVT) of the user receiver 142 can be accurately 
computed as solutions of the local positioning system 174. 
For example, range and angular information relative to the 
one or more landmarks may be determined using a time of 
?ight of signals and/or Doppler frequency shifts. Additional 
discussion of determining range and angular information in a 
local positioning system is provided in US. patent applica 
tion Ser. No. 11/ 103,964, entitled “Improved Radar System 
for Local Positioning”, ?led on Apr. 1 1, 2005, the contents of 
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8 
Which are hereWith incorporated by reference. In addition, 
measurements taken With respect to n satellites 110 in vieW of 
the GPS receiver 122 in one or more of the one or more 

landmarks 176 and the associated user GPS receiver 142, the 
measurements can be used to solve for the position of the user 
or object 140 according to the preceding equations. 

In spite of their many advantages, the local positioning 
system 174 and/or the local RTK system 150 may not be 
available to the user or object 140 at all times because the user 
may move to a location that is too far from the one or more 

landmarks 176 and/or the reference station 120, or is out of 
site of the one or more landmarks 176 and/or the reference 
station 120 so that the communication link and/or the radio 
link 124 betWeen the user or object 140 and the landmark 
and/or reference station cannot be maintained. In these situ 
ations, ionospheric induced error cannot be satisfactorily 
removed by taking into account the difference betWeen mea 
surements at the user or object 140 and at the landmark 176 
and/or reference station 120. This error affects the above 
search process for the integer ambiguity vector because it 
causes measurement residuals included in the measurement 
residual vector Ad, to increase. 

Therefore, in situations Where the local positioning system 
174 and the local RTK system 150 is not available or has lost 
its accuracy due to a large separation betWeen the user GPS 
receiver and the landmark and reference station, the user may 
need to operate in the WADGPS mode in Which a different 
approach to resolving integer ambiguity is used. Using the 
WADGPS system 100, each Whole-cycle ambiguity is esti 
mated as a real-valued (non-integer) variable. This practice is 
often referred to as determining a “?oating ambiguity” value. 
One method for determining the “?oating ambiguity” value 
involves the formation of refraction corrected code and car 
rier-phase measurements based on raW GPS measurements 
taken at the user or object 140, the scaling of the carrier-phase 
measurements to the same units as the code measurements, 
and the subtraction of each scaled carrier-phase measurement 
from the corresponding code measurement to obtain an offset 
value. In some embodiments, the refraction-corrected code 
measurement, designated as PRC, is formed as folloWs: 

2 f2 
2 2 P2 2 P1 - 1.5457(P1 - P2), 

(6) 
PRC = 

Where P1 and P2 are the raW pseudorange code measurements 
on the L1 and L2 frequencies fl and f2, respectively, at a 
particular measurement epoch. The refraction-corrected car 
rier -phase measurement, designated as L RC, is formed simi 
larly as folloWs: 

LRC = 1,2 2 L1 - 1.5457(L1 - 1,2), 
f22) 

Where L 1 and L2 are the carrier-phase measurements scaled 
by the Wavelengths of the L1 and L2 signals, respectively, and 
each includes an approximate Whole-cycle ambiguity value 
that has been added to cause the scaled carrier-phase mea 
surement to be close to the same value as the corresponding 
code measurement. Thus, 
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Where 4) 1 and (1)2 are the raW carrier phase measurement on the 
L1 and L2 frequencies, respectively, at the same measure 
ment epoch, and the Whole-cycle values of N1 and N2 have 
been initialized at the start of carrier-phase tracking by the 
user or object 140 to give values that are Within one carrier 
Wavelength of the corresponding code measurements so as to 
keep the differences betWeen the scaled carrier-phase mea 
surements and the corresponding code measurements small. 
From the form of Equation (7), it is noted that the refraction 
corrected carrier-phase measurement includes a Whole-cycle 
ambiguity With a wavelength 7» determined by the sum of f 1 
and f2 (Which is about 2.803 GHZ), so that 7» is approximately 
0.1070 meters (i.e., c/(fl+f2). 

Because the ionospheric effects have been removed from 
both the code and carrier-phase measurements according to 
Equations (6)-(9) and the effects of satellite clock and orbit 
errors on the pseudorange and carrier-phase measurements 
are the same, the values of PRC and L RC obtained in step 310 
should be almost identical except for the possible Whole 
cycle ambiguity associated With the carrier-phase measure 
ment L RC and the higher multipath noise in the code measure 
ment PRC. This alloWs the resolution of the Whole-cycle 
ambiguity in LRC by smoothing an offset (O:PRC— RC) 
betWeen the refraction corrected code measurement and the 
refraction corrected carrier-phase measurement across a 
series of measurement epochs so that the offset becomes an 
increasingly accurate estimate of the “?oating ambiguity.” 
The smoothed offset value can be further adjusted by using 
post-?x measurement residuals to provide an additional car 
rier-phase measurement adjustment such that the adjusted 
measurement residuals are near Zero. 

In some embodiments, the offset is smoothed by taking an 
expanding average of the offset as folloWs: 

OZ'IOZAHPRCi-LRCi-OH)9], (10) 

Where iIl, 2, 3, . . . , is used to designate a measurement 

epoch, and the value of 11 is a con?dence value that increases 
as 01- becomes a more accurate estimate of the ?oating ambi 
guity value. In some embodiments, 11 is equal to i until a 
maximum value of averaging is attained. For example, if the 
carrier-phase measurement is assumed to have only 1/100th of 
the noise of the code measurement, the value of “11” Would be 
limited to be less than 100 squared or 10,000. Equation (10) 
can thus be recursively computed until a predetermined accu 
racy of the ?oating ambiguity value is reached. 

With the smoothed offset Q, a smoothed refraction-cor 
rected code measurement, S, can be obtained by adding the 
refraction corrected carrier-phase measurement for the cur 
rent measurement epoch to the smoothed offset, so that 

S,-:0,-+L,-, (11) 

Which has the accuracy of the carrier-phase measurement but 
Without the associated ambiguities. 

The above process as described in association With Equa 
tions (6)-(1 1) is performed for each of a plurality of satellites 
in vieW of the user GPS receiver 142. With the smoothed 
refraction-corrected code measurement available for each of 
the plurality of satellites in vieW of the user GPS receiver 142, 
the pseudoranges to these satellites can be obtained. These 
peudoranges are adjusted With the WADGPS corrections 
received from the hubs 105 and are used in a Weighted least 
squares solution to calculate the state vector x. This Way, the 
position, velocity and time (PVT) of the user GPS receiver 
142 can be computed as WADGPS solutions for the PVT of 
the user GPS receiver 142. 
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10 
Other examples of the methods to obtained the smoothed, 

refraction corrected offsets can be found in “The Synergism 
of Code and Carrier Measurements,” by Hatch, R. in the 
Proceedings of the Third International Geodetic Symposium 
on Satellite Doppler Positioning, DMA, NOS, Las Cruces, 
N.M., NeW Mexico State University, Vol. II, pp. 1213-1232, 
Which is incorporated herein by reference, and in commonly 
oWned patent application for a “Method for Generating Clock 
Corrections for a Wide-Area or Global Differential GPS Sys 
tem,” Which is also incorporated herein by reference. 

It is also possible to solve for the “?oating ambiguity” 
values as separate states in a least-squares or Kalman ?lter 
solution. When the ambiguities are included as states, an 
estimate value for each ?oating ambiguity value is adjusted 
according to a variance so that it becomes increasingly accu 
rate as the geometry of the system changes due to satellite 
motion. Thus, this technique also yields an increasingly accu 
rate estimate over time. See Patrick H. C. HWang’s paper in 
Navigation Vol. 38, No. 1, Spring 1991, titled “Kinematic 
GPS for Differential Positioning: Resolving IntegerAmbigu 
ities on the Fly,” Which is incorporated herein by reference. 

There are many combinations and variations of the above 
techniques Which can be used to estimate the “?oating ambi 
guity” values. HoWever, all of them involve processing data 
over a signi?cant time interval. The time interval can often be 
as long as one or tWo hours before one can be con?dent that 

the “?oating ambiguity” is accurate enough to yield an accu 
racy of less than 10 centimeters in the navigated position of 
the user 140. To shorten the time interval for obtaining the 
“?oating ambiguity” values, the WADGPS system can be 
initialiZed as described beloW using a knoW location of the 
user GPS receiver 142. 

FIG. 3A illustrates a method 300 for initialiZing the 
WADGPS system 100. As shoWn in FIG. 3, method 300 
includes a step 310 in Which it is determined Whether the user 
is stationary at a knoWn location. This can be done according 
to user input or via some conventional mechanism that alloWs 
the computer 144 to determine Whether the user receiver 142 
has been stationary. If the position of the user receiver 142 is 
accurately knoWn, that position can be used to compute the 
?oating ambiguity values Without the assistance of the local 
positioning system 174 and/or the local RTK system 150, as 
explained in more detail beloW. A surveyed position of the 
user GPS receiver 142 couldbe used as the knoWn position, or 
in some environments, the position may be knoWn simply 
because the user or object 140 has been stationary and the user 
position has already been determined during a prior opera 
tion. 

In response to the determination that the user is stationary 
at a knoWn location, method 300 proceeds to a step 320 in 
Which the user receiver position is set to the knoWn location. 
OtherWise, method 300 proceeds to a step 330 in Which the 
local positioning system 174 and/or the local RTK system 
150 are enabled to automatically update the user location 
using the method discussed above. 
Method 300 further includes a step 340 in Which the user 

receiver location, Whether it is determined in step 320 or step 
330, is used to compute a set of theoretical ranges to the 
satellites 110. This may involve computing the positions of 
the satellites 110 based on the broadcast ephemeredes from 
the WADGPS system 100 and adjusting those positions by the 
orbital corrections broadcast by the WADGPS system 100. 
Given both the user receiver position and the satellite posi 
tions in Cartesian coordinates, the theoretical range from the 
user 140 to each satellite 110 can be computed as folloWs: 
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Where subscript s designates the satellite coordinate and sub 
script u designates the user or object receiver coordinate. 
Method 300 further includes a step 350 in Which the initial 

?oating ambiguity value, a, corresponding to each satellite is 
calculated by subtracting from the computed theoretical 
range the range obtained from the refraction-corrected car 
rier-phase measurement With respect to the same satellite so 

that, 
a:r—LRCO (13) 

Where L R CO represents the refraction-corrected carrier-phase 
measurement computed according to Equation (7) at a begin 
ning measurement epoch. 

Method 300 further includes a step 360 in Which the ?oat 
ing ambiguity values are resolved by adding the initial ?oat 
ing ambiguity values to the corresponding refraction-cor 
rected carrier-phase measurements in subsequent 
measurement epochs, i.e., 

by treating the ?oating ambiguity values as Well knoWn so 
that the con?dence is set to high (or the variance is set to loW). 
In practice, step 360 is accomplished by using a small value of 
gain to adjust the ?oating ambiguity values in a process for 
determining the ?oating ambiguity values. For example, if the 
?oating ambiguity values are determined by smoothing the 
offset betWeen the refraction-corrected code measurement 
and the refraction-corrected carrier-phase measurement 
according to Equation (10), a small gain means treating the 
?oating ambiguity value as if a large number of offset values 
have been used in computing it, so that n:i+(a large number). 
If the ambiguity value is determined in a Kalman ?lter pro 
cess, a small gain is achieved by setting the variance of the 
ambiguity state to a small value. 

Thus, by using the knoWn location of a stationary user 
receiver 142, by using the local positioning system 174 and/or 
by using the local RTK system 150 to initialiZe the ?oating 
ambiguity values, a normal ?fteen minute to tWo hours of 
“pull-in” time required to solve for the ?oating ambiguity 
values When the user receiver position is not knoWn is 
avoided. This can greatly speed up the process for resolving 
carrier-phase ambiguities in the WADGPS system 100, mak 
ing the WADGPS system 100 more suitable for real-time 
positioning and/or navigation purposes. 

In order to use the local positioning system 174 and/or the 
local RTK system 150 to update the user receiver position in 
the method 300, the position of the one or more landmarks 
176 in the local positioning system 174 and/ or the position of 
the reference station 120 in the local RTK system 150 may be 
determined accurately in the WADGPS system 100. A con 
ventional local positioning system or local RTK system can 
be used in a relative sense, meaning that the position of the 
user receiver 142 can be determined relative to the one or 

more landmarks and/ or the reference receiver. This Way, 
accurate relative positions of the user GPS receiver 142 canbe 
obtained even though the absolute coordinates of the one or 
more landmarks and/ or reference station may or may not be 
particularly accurate and coordinate data other than the nor 
mal GPS data are used to position the landmark and/or the 
reference station. For the combined use of the local position 
system 174, the RTK system 150, and/or the WADGPS sys 
tem 100, hoWever, an absolute position of the one or more 
landmarks 176 in the local positioning system 174 and the 
reference station 120 in the RTK system 150 need to be 
determined. If an incorrect position is used for the one or more 
landmarks 176 in the local positioning system 174 or the 
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reference station 120 in the local RTK system 150, it Will 
cause the ?oating ambiguity values computed as described 
above to be incorrect. This Will lead to a sloW drift of the 
computed position of the user receiver 142 as the ?oating 
ambiguity values are sloWly adjusted to the correct value 
during subsequent WADGPS processing. 

In some embodiments, a mean position of the one or more 
landmarks 176 in the local positioning system 174 and/or a 
mean position of the reference station 120 in the RTK system 
150 may be determined based on hours of positioning data 
from the WADGPS system 100 for increased reliability. In 
some embodiments, a computer system in the one or more 
landmarks 176 and/ or at the reference station 120 accepts an 
operator input value for its position and provides the position 
to the user 140. This alloWs the relative local positioning 
and/ or RTK positioning to commence immediately using that 
reference position. At the same time, a more accurate position 
of the one or more landmarks 176 and/or the reference station 
120 may be determined by the WADGPS system 100 and is 
transmitted to the one or more landmarks 176 and/or the 
reference station 120. This more accurate position or an offset 
betWeen the operator input position and the more accurate 
position of the one or more landmarks 176 and/or the refer 
ence station 120 determined by the WADGPS system 100 
may then be transmitted at a relatively loW rate to the user 140. 

FIG. 3B illustrates in more detail step 330 in the method 
300 in Which the user position is updated using the local 
positioning system 174 and/ or the local RTK system 150. As 
shoWn in FIG. 3B, step 330 includes a substep 331 in Which 
the user or object 140 receives the operator input position of 
the reference station 120 in the local positioning system 174 
and/or the RTK system 150, and a substep 333 in Which the 
user or object 140 performs local positioning and/or local 
RTK operation to determine its oWn position relative to that of 
the one or more landmarks 176 and/ or the reference station 
120. Step 330 further includes a substep 335 in Which the user 
or object 140 receives the more accurate position of the ref 
erence station 120 determined by the WADGPS system 100 
or the offset betWeen the operator input position of the refer 
ence station 120 and the more accurate position of the refer 
ence station 120 determined by the WADGPS system 100. 
Step 330 further includes a substep 337 in Which the user or 
object 140 computes an absolute position of the user GPS 
receiver 142 in Cartesian coordinates using either the user 
input position of the landmark and/ or reference station or the 
position of the one or more landmarks 176 and/or the refer 
ence station 120 determined by the WADGPS system 100 (if 
available). 
An example Where bene?ts could be obtained by using the 

method 300 is in positioning a train. When a train passes 
through a tunnel, the local positioning system link, the RTK 
link and the global WADGPS link Would be lost. In this 
situation the local positioning system data link and/or the 
RTK data link can be set up to initialiZe the WADGPS ?oating 
ambiguity values as the train comes out of the tunnel. This 
Would avoid the long data interval otherWise required to 
determine the correct ?oating ambiguity values. 

Another example Where bene?ts could be obtained by 
using the method 300 is in positioning an airplane right after 
take-off. In this case, a local positioning system and/or a local 
RTK system at an airport Where a plane is preparing to take off 
can be used to initialiZe the WADGPS ambiguities either 
before or during the take-off. 

Thus, the user or object 140, Which includes the user GPS 
receiver 142 and the computer system 144 coupled to the user 
GPS receiver 142, can operate in both the local positioning 
mode, the RTK mode and/or the WADGPS mode. The local 
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positioning system 174 and the local RTK system 150 are 
more favorable than the WADGPS system because the search 
process for local positioning system 174 and the local RTK 
system 150 as discussed above take much less time than the 
smoothing method in the WADGPS system 100 for resolving 
the integer ambiguity values. In the search process, the 
smoothing of the code measurements is either not required or 
a smoothing of the code measurements of much shorter dura 
tion is performed, not to determine the Whole-cycle ambigu 
ity directly, but to provide a decreased uncertainty in an initial 
set of integer ambiguity values so that the subsequent search 
process can be more tightly constrained. For that reason, only 
a feW seconds of data is su?icient for obtaining the initial set 
of ambiguity values. 

The local positioning system 174 and/or the local RTK 
system 150, hoWever, are only available in situations Where 
the communication link betWeen the user GPS receiver 142 
and the one or more landmarks 176 in the local positioning 
system 174 and/or the reference station 120 in the local RTK 
system 150 can be maintained and the user or object 140 does 
not Wander too far from the one or more landmarks 176 in the 
local positioning system 174 and/or the reference station 120 
in the local RTK system 150. When these conditions are not 
satis?ed, that is, When the local positioning system 174 and/or 
the local RTK system 150 are either not available or inaccu 
rate, the user can resort to the WADGPS system 100 for 
navigation by using the user receiver position last determined 
by the local positioning system 174 and/or the RTK system 
150 to initialiZe the WADGPS system so that the long “pull 
in” time to obtain the “?oating ambiguity” values is avoided. 

FIG. 4 illustrates a process ?oW 400 for a combined local 
positioning, RTK and WADGPS operation performed by the 
user computer system 144. The process ?oW includes steps 
440, 450 and 460. As shoWn in FIG. 4, While the local posi 
tioning corrections are available, the user 140 operates in the 
local positioning mode and While the RTK corrections are 
available, the user 140 operates in the RTK mode. The user 
140 receives the position 401 of the landmark/reference sta 
tion 120 in the local positioning system 174 and/or the local 
RTK system 150 and performs step 440 in Which the user 
receiver’s PVT are determined using the local positioning/ 
RTK corrections 410 received from the landmark 176 in the 
local positioning system 174 and/or the reference station 120 
in the local RTK system 150. During the performance of step 
440, the user 140 may continue to receive the WADGPS 
corrections 420 from the hubs 105 so that WADGPS solutions 
can be generated in the background. The user 140 may also 
receive updated position 430 of the landmark 176 in the local 
positioning system 176 and/ or the reference station 120 in the 
local RTK system 150 from the hub 105 at a relatively loW 
rate. Using the updated position of the landmark 176 and/or 
the reference station 120 and the local positioning/RTK solu 
tions of the user receiverposition, the WADGPS solutions can 
be continuously initialiZed in the background to agree With 
the local positioning/RTK solutions, according to the method 
300 discussed above. 
When the local positioning and the RTK corrections are 

lost, the user 140 sWitches to the WADGPS mode of operation 
and performs step 450, in Which the user 140 uses the user 
receiver position determined in the local positioning and/or 
the RTK mode of operation immediately before the local 
positioning/RTK corrections became unavailable to initialiZe 
the ?oating ambiguity values for the WADGPS mode of 
operation according to the method 300 discussed above. This 
Way, the “?oating ambiguity” values can be determined With 
out the long “pull-in” time. During the performance of step 
450, the user 140 continues to receive the WADGPS correc 
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14 
tions 420 from the hubs 105. The user 140 may also receive 
the updated position 430 of the one or more landmarks 176 in 
the local positioning system 174 and/ or the reference station 
120 in the local RTK system 150 from the hub 105 at a 
relatively loW rate. The reference station coordinates are used 
to transform the user receiver position generated in the 
WADGPS mode into position relative to the one or more 
landmarks 176 and/or the local reference station 120. This 
Way the PVT results generated by the user computer system 
144 Will seamlessly transition betWeen the different modes of 
operation. 
When the local positioning and/or the RTK corrections are 

available again, the user resumes local positioning and/or 
RTK operation in step 460, Which is similar to the local 
positioning and/or the RTK operation in step 440. 

FIG. 4B is a ?oW chart illustrating a process ?oW 470 for 
use of a local positioning system, a local RTK system, and/or 
a WADGPS system. If available, a position of a user may be 
determined in accordance With information received from a 
local positioning system (480). If available, a position of a 
user may be determined in accordance With information 
received from an RTK system (482). If available, a position of 
a user may be determined in accordance With information 
received from a WADGPS system (484).A ?oating ambiguity 
value in a carrier-phase measurement may be initialiZed 
(486). The process 470 may include feWer or additional 
operations. TWo or more operations may be combined and a 
position of at least one operation may be changed. 

In an exemplary embodiment, the user GPS receiver 142 
may operate in a ?rst mode of operation that uses the local 
positioning system 176 to determine a ?rst position of the user 
140 When communication With the local positioning system 
176 is available. A second position of the user 140 may be 
determined in accordance With carrier-phase measurements 
performed using the WADGPS system 100 in a second mode 
of operation. A knoWn position of the user 140, such as the 
?rst position, may be use to initialiZe a ?oating ambiguity 
value in the carrier-phase measurements. In some embodi 
ments, the knoWn position of the user 140 may be provided 
and/or input by the user. 

In some embodiments, the ?rst mode of operation is used to 
determine the user 140 position if it is available. If commu 
nication With the local positioning system 174 is lost, hoW 
ever, the second mode of operation may be used. Communi 
cation With the local positioning system 174 may be lost if a 
distance to the local position system 174 exceeds a value, 
such as 100 m, 500 m, 1000 m, 10,000 m or more. 

In some embodiments, the ?rst mode of operation and the 
second mode of operation may be performed substantially 
simultaneously and a difference betWeen the ?rst position and 
the second position is used to initialiZe the ?oating ambiguity 
value in the carrier-phase measurements. In some embodi 
ments, the ?rst mode of operation and the second mode of 
operation may be performed substantially simultaneously 
and a difference betWeen the ?rst position and the second 
position is used to determine a third position of the user 140. 
The third position of the user may be in accordance With 
information received from the local reference receiver 122 in 
the RTK system 150 in a third mode of operation. 

In some embodiments, the third mode of operation may be 
used When communication With the local positioning system 
174 is lost and the ?rst mode of operation may be used When 
the communication With the local position system 174 is 
available again. 

In some embodiments, the second mode of operation is 
used When communication With the local reference receiver 
122 and the local positioning system 174 is lost, the ?rst mode 
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of operation is used When communication With the local 
positioning system 174 is available, and Wherein the third 
mode of operation is used When the communication With the 
local reference receiver 122 is available and the communica 
tion With the local positioning system 174 is lost. 

In some embodiments, the second mode of operation is 
used if a distance from the local positioning system 174 to the 
user 140 is greater than a ?rst value (such as 10,000 m), the 
?rst mode of operation is used if the distance from the local 
positioning system 174 to the user 140 is less than a second 
value (such as 1000 m), and the third mode of operation is 
used if the distance from the local positioning system 174 to 
the user 140 is betWeen the ?rst pre-determined value and the 
second pre-determined value. 
The process 400 can be used in many applications. One 

application involves an extension of a local positioning sys 
tem and/or an RTK operation into areas Where a communi 
cation link With the local positioning system and/ or the RTK 
radio link cannot be maintained, but Where the WADGPS 
communication link is at least generally available. For 
example, as shoWn in FIG. 5, the user or object 140 may be a 
farming vehicle 510 moving in roWs 520 in an area 501 of 
rolling hills, With the user receiver 142 attached to the farming 
vehicle or to farming equipment that is connected to the 
farming vehicle. The area 501 includes area 503 that is visible 
from the reference station 120 in the local RTK system 150 
and areas (shaded) 505 and 507 that are not visible from the 
reference station 120. Because the RTK communication link 
is usually line of site, the RTK data Would be lost Whenever 
the user GPS receiver 142 is moved from area 503 to area 505 
or 507. But the data link betWeen the user receiver 142 and the 
WADGPS system 100 is generally available because it is 
often facilitated by satellites. By initialiZing the ?oating 
ambiguities in the WADGPS system 100 Whenever the RTK 
radio link is available and the RTK system 150 is operational, 
the accuracy of the RTK operation can be practically pre 
served during those intervals When the RTK link is lost. 

While the WADGPS system 100 in FIG. 1 has been used in 
the above description, it Will be appreciated that any regional, 
Wide area, or global system Which makes use of carrier-phase 
measurements from satellites for positioning and/or naviga 
tion purposes and thus requires determining ambiguity values 
associated With the phase measurements can also bene?t by 
the method 300 described above. Examples of these systems 
include the Star?reTM System developed by John Deere Com 
pany, and the regional High Accuracy-National Differential 
(HA-ND) GPS system being developed by several US. gov 
ernment agencies. 

Determining an Offset Vector at a Mobile Satellite Navigation 
Receiver 
As described above, the combined use of a local position 

ing system (e.g., an RTK positioning system) and a regional, 
Wide-area, or global carrier-phase positioning and/or naviga 
tion system (e. g., a WADGPS positioning system) avoids the 
disadvantages associated With both a local positioning system 
and a Wide-area positioning system When they are used sepa 
rately. In order to use the above-described techniques, an 
offset vector betWeen a reference datum of the local position 
ing system and a reference datum of the Wide-area differential 
positioning system must be determined to Within a speci?ed 
accuracy. HoWever, the techniques described above are 
directed to proprietary local positioning systems in Which the 
position of a mobile satellite navigation receiver (e.g., the 
GPS receiver 142 in FIG. 1) is determined relative to base 
stations of the proprietary local positioning systems. As a 
result, the position of the mobile satellite navigation receiver 
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cannot be determined relative to base stations of other local 
positioning systems (e. g., RTK) using standard protocols 
such as the Radio Technical Commission for Maritime Ser 
vices (RTCM) recommended standards RTCM 2.3/3.0 and 
Compact Measurement Record MR/CMR+ formats. Further 
more, the techniques described above require that the propri 
etary base stations of the local positioning system receive data 
(e.g., satellite positioning signals, etc.) from a Wide-area dif 
ferential positioning system. 

Thus, to overcome these draWbacks, some embodiments 
provide a technique to determine an offset vector betWeen a 
reference datum of a local positioning system and a reference 
datum of a Wide-area differential positioning system in real 
time at a mobile satellite navigation receiver. In these embodi 
ments, the offset vector is determined based on the informa 
tion available at the mobile satellite navigation receiver. Thus, 
a base receiver of the local positioning system (e. g., an RTK 
base receiver) does not need to receive regional, Wide-area, or 
global carrier-phase positioning signals (e.g., WADGPS sig 
nals) and is not required to transmit the offset vector betWeen 
a reference datum of a local positioning system and a refer 
ence datum of a Wide-area differential positioning system 
using a proprietary protocol. 

Note that for the sake of clarity the embodiments described 
herein refer to RTK positioning systems and WADGPS posi 
tioning systems. HoWever, it should be noted that a “RTK 
positioning system” generally refers to a local positioning 
system. Similarly, a “WADGPS positioning system” gener 
ally refers to a regional, Wide-area differential or global car 
rier-phase positioning system. Furthermore, the term “GPS” 
or “global positioning system” is used herein to generally 
refer to a satellite positioning system. For example, the sat 
ellite positioning system can include a satellite positioning 
system that determines positions of mobile satellite naviga 
tion receivers that receive signals from GPS satellites, GLO 
NASS satellites, and/or Galelio satellites. Moreover, the posi 
tioning system can also include navigation capabilities (e. g., 
routing, etc.). 

In some embodiments, the mobile satellite navigation 
receiver may engage in three different modes of operation 
either simultaneously or at different times. First, the mobile 
satellite navigation receiver may operate in a WADGPS mode 
in Which the mobile satellite navigation receiver positions 
itself or navigates using a WADGPS system. Second, the 
mobile satellite navigation receiver may operate in the RTK 
mode in Which the mobile satellite navigation receiver posi 
tions itself or navigates using a local RTK system. Finally, the 
mobile satellite navigation receiver may operate in a com 
bined mode in Which the local RTK system is the primary 
source of position/velocity/time (PVT) information but a 
code navigation mode using the WADGPS system is running 
in the background. In this mode, the dual operation is used to 
learn the offset betWeen a reference datum of the local RTK 
system and a reference datum of the WADGPS system. Once 
the offset is determined, it can be used to initialiZe the 
WADGPS ?oating ambiguity values and the long pull-in time 
can be avoided. Furthermore, once the offset is knoWn Within 
a speci?ed accuracy, it alloWs the WADGPS position to be 
mapped to the same reference datum as the RTK solution. 
This alloWs the WADGPS system to be used to ?ll any holes 
in the availability of the RTK solution due to communication 
and/or distance problems. 

While the mobile satellite navigation receiver is close to the 
RTK reference station and the communication link betWeen 
the mobile satellite navigation receiver and the reference 
station is active, the mobile satellite navigation receiver uses 
the RTK system to position itself With respect to the reference 
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station. (e.g., the reference station 120 in FIG. 1) Using the 
RTK system instead of the WADGPS system is advantageous 
because the RTK system is more accurate and the Whole 
cycle integer ambiguity can be quickly resolved. 

Using the RTK system, the typical process is to take the 
measurements available from each satellite at both the mobile 
satellite navigation receiver (e.g., the user GPS receiver 140 
in FIG. 1) and the associated reference GPS receiver (e. g., the 
GPS receiver 122 of the reference station 120 in FIG. 1). 
These measurements are then used to form a double differ 
ence of both the code and the carrier phase measurements. 
This double differencing across tWo satellites and tWo receiv 
ers substantially mitigates and/or cancels many of the sys 
tematic errors existing in the GPS measurements. The double 
differenced code and carrier phase observables in units of 
meters can be formed as: 

VA] (14) 
VAP; : VAp+VAT + 7 + VAO+8VAPi 

1 

1 

Where: the subscript i denotes the frequency (e.g., L1, L2 or 
L5); P1- and q),- are the code and carrier phase observables, 
respectively; VA is the double difference operator; p is the 
geometric distance from the satellite to the receiver; VAT is 
the residual differential tropospheric bias, Which may be rep 
resented as a function of the residual Zenith tropospheric 
delay together With a mapping function Which describes the 
dependence of the tropospheric delay on the elevation angle 
from the receiver to the satellite; VAI is the double differential 
ionospheric bias; VAO is the double differential orbital delay 
correction that may be obtained from a netWork RTK system 
or a Wide area augmentation system (WAAS); 7»,- and fl- are the 
Wavelength and frequency of the ith carrier frequency, respec 
tively; VANI- is the double difference integer ambiguity for 
the ith carrier frequency; and the terms eVAP, and evA¢_ repre 
sent the code and phase errors, respectively, including ran 
dom noise in the receivers and any unmodeled systematic 
errors, such as multipath, residual orbit errors, etc. 

LineariZation of the double differenced carrier phase 
observations can be represented by the folloWing set of equa 
tions: 

VIHX-Z (16) 

Where: V is the post-?t residual vector at epoch k; Z is the 
pre?t residuals, Which are based on the double difference 
measurements for the current epoch; H is the design matrix; 
and X is the estimated state vector including three position 
components, residual ionospheric and tropospheric biases, 
and dual or triple frequency ambiguities. The values for the 
estimated state vector X are stored in Kalman ?lter states. In 
some embodiments, the Kalman ?lter includes a plurality of 
states, including but not limited to: three position states, each 
corresponding to a different direction or dimension; a 
residual tropospheric delay state; and N-l residual iono 
spheric delay states. The Kalman ?lter state may optionally 
include three velocity states each corresponding to a different 
direction or dimension, and may optionally include three 
acceleration states each corresponding to a different direction 
or dimension. In some embodiments, the Kalman ?lter state 
includes N-l L1 double differenced ambiguity states, and 
N-l L2 double differenced ambiguity states, Where N is the 
number of satellites from Which measurements are obtained. 
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In some embodiments, information about the ?oating ambi 
guities is used to select those partial ambiguity combinations 
most likely to yield a successful search and results in an RTK 
PVT solution that is more accurate as a result of ?xing the 
Whole cycle ambiguities to the correct integer values. These 
embodiments are described in more detail in “Partial Search 
Carrier-Phase Integer Ambiguity Resolution” (U.S. patent 
application Ser. No. 12/1 19,450, ?led on May 12, 2008), and 
“Distance Dependent Error Mitigation in Real-Time Kine 
matic (RTK) Positioning” (US. patent application Ser. No. 
12/1 19,451, ?led on May 12, 2008), both ofWhich are incor 
porated by reference herein in their entirety. 

In spite of its many advantages, the RTK system may not be 
available to the mobile satellite navigation receiver at all 
times because the mobile satellite navigation receiver may 
move to a location that is too far from a reference station of the 
RTK system or is out of sight of the reference station so that 
the communication link betWeen the mobile satellite naviga 
tion receiver and the reference station cannot be maintained. 
In these situations, ionospheric induced error cannot be sat 
isfactorily removed by taking into account the difference 
betWeen measurements at the mobile satellite navigation 
receiver and reference station. This affects the above search 
process for the integer ambiguity vector because it causes an 
increase in the measurement residuals and the correct ambi 
guity becomes more di?icult to determine. 

Therefore, in situations Where the local RTK system is not 
available or has lost its accuracy due to a large separation, the 
mobile satellite navigation receiver may need to operate in the 
WADGPS mode in Which a different approach to resolving 
integer ambiguity is used. Using the WADGPS system, each 
Whole-cycle ambiguity is estimated as a real-valued (non 
integer) variable. This practice is often referred to as deter 
mining a “?oating ambiguity” value. One technique for deter 
mining the “?oating ambiguity” value involves the formation 
of refraction corrected code and carrier-phase measurements 
based on raW GPS measurements taken at the mobile satellite 
navigation receiver, the scaling of the carrier-phase measure 
ments to the same units as the code measurements, and the 
subtraction of each scaled carrier-phase measurement from 
the corresponding code measurement to obtain an offset 
value. In some embodiments, the refraction-corrected code 
measurement, designated as PRC, is formed as folloWs: 

2 2 (17) 
PRC = P2 2 P1 — 1.5457(P1 — P2), 

Where P1 and P2 are the raW pseudorange code measurements 
on the L1 and L2 frequencies fl and f2, respectively, at a 
particular measurement epoch. The refraction-corrected car 
rier-phase measurement, designated as LRC, is formed simi 
larly as folloWs: 

2 2 (13) 
LRC = L2 2 L1 — 1.5457(L1 — L2), 

Where L 1 and L2 are the carrier-phase measurements scaled 
by the Wavelengths of the L1 and L2 signals, respectively, and 
each includes an approximate Whole-cycle ambiguity value 
that has been added to cause the scaled carrier-phase mea 
surement to be close to the same value as the corresponding 
code measurement. Thus, 












